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Summary
The orientation of the mitotic spindle plays a key role
in determiningwhether a polarized cell will divide sym-
metrically or asymmetrically. In most cell types, cyto-
plasmic dynein plays a critical role in spindle orienta-
tion. However, how dynein directs opposite spindle
poles toward distinct and predetermined cell ends is
poorly understood. Here, we show that dynein distrib-
utes preferentially to the spindle pole bodies (SPB)
and astral microtubules (MTs) proximal to the bud in
metaphase yeast cells. Dynein asymmetry depended
on the bud neck kinases Elm1, Hsl1, and Gin4, on the
spindle pole components Cnm67 and Cdk1, and on
the B-type cyclins Clb1 and Clb2. Furthermore, pheno-
typic and genetic studies both indicated that dynein is
unable to orient the spindle when it localizes to both
poles and associated microtubules. Together, our
data indicate that proper orientation of the spindle re-
quires dynein to act on a single spindle pole.
Introduction
The ability of cells to divide asymmetrically and form
daughter cells with distinct potentials is a conserved
mechanism for generating cell diversity in multi- and
unicellular organisms. In most eukaryotes, the position
of the metaphase spindle determines the position of
the cleavage plane during cytokinesis (Ahringer, 2003;
Kaltschmidt and Brand, 2002). Depending on whether
cleavage occurs parallel or orthogonal to the polarity
axis of the cell, asymmetrically distributed factors are in-
herited equally or unequally by the daughter cells.
Therefore, the position of the spindle determines
whether these cells divide symmetrically or asymmetri-
cally.
Studies in model organisms such as Drosophila,
C. elegans, and budding yeast established that the inter-
action of astral MTs with the cell cortex governs spindle
*Correspondence: yves.barral@bc.biol.ethz.chpositioning (see reviews: Ahringer, 2003; Grill and
Hyman, 2005; Hampoelz and Knoblich, 2004). Cortical
cues dictate these interactions and ensure that one
spindle pole orients toward one end of the cell while
the other orients toward the opposite end. Although
studies in Drosophila and C. elegans indicate that the
PAR proteins establish these cortical cues, relatively lit-
tle is known about how polarity factors regulate MT in-
teractions with the cell cortex. Particularly, it remains
unclear how the activity of MT-associated proteins is
spatially regulated to ensure proper movement of the
spindle. While several MT-associated proteins are found
to participate in spindle positioning, to date the minus
end-directed motor protein cytoplasmic dynein is the
only one to be functionally conserved between organ-
isms as distinct as C. elegans and budding yeast. How
dynein aligns the spindle with the polarity axis of the
cell remains unclear.
In budding yeast, correct segregation of sister chro-
matids between mother and bud is ensured through
alignment of the metaphase spindle with the mother-
bud axis. Movement of the spindle toward this position
is driven by astral MTs, which emanate from the cyto-
plasmic side of the SPBs (Adames and Cooper, 2000;
Pearson and Bloom, 2004; Shaw et al., 1997). During
metaphase, MT interactions with the cell cortex depend
on the adenomatous polyposis coli (APC)-related pro-
tein Kar9 and its partners, Bim1, the EB1 mammalian or-
tholog, and the type V myosin Myo2 (Hwang et al., 2003;
Korinek et al., 2000; Kusch et al., 2003; Lee et al., 2000).
Cells lacking any one of these proteins position their
metaphase spindle randomly. However, these cells sur-
vive thanks to dynein, which corrects the position of the
spindle at anaphase onset, together with its cofactors
Bik1 (homologous to CLIP170), the kinesin-related pro-
tein Kip2, and the dynactin complex (Adames and Coo-
per, 2000; Carvalho et al., 2004; Lee et al., 2003). Conse-
quently, inactivation of both dynein and Kar9 pathways
impairs nuclear segregation and is lethal (Miller and
Rose, 1998).
Recent studies have demonstrated that Kar9 function
in spindle orientation depends on its asymmetric accu-
mulation on the SPB adjacent to the bud neck (Liako-
poulos et al., 2003; Maekawa et al., 2003). Kar9 then
translocates to the astral MTs emanating from this
SPB, where it recruits the myosin V Myo2. This allows
Myo2 to move Kar9 and the associated MT tip along po-
larized actin cables toward the bud, leading to the orien-
tation of the spindle pole toward the bud (see review:
Kusch et al., 2003). When Kar9 localizes to both sides
of the metaphase spindle, the two poles compete with
each other for orientation toward the bud, and the spin-
dle cannot stably align (Liakopoulos et al., 2003; Mae-
kawa and Schiebel, 2004). In these cells, dynein be-
comes essential, indicating (1) that the Kar9 pathway is
no longer able to fulfill its function, and (2) that dynein
corrects the spindle position defects due to Kar9 sym-
metry. However, how dynein ensures orientation of a sin-
gle SPB toward the bud is unclear. Upon SPB separa-
tion, dynein localizes only to the SPB and associated
Developmental Cell
426Figure 1. Dynein Localizes Asymmetrically to Spindle Poles of Metaphase Cells and Redistributes to Both Spindle Poles during Anaphase
(A) Wild-type cells expressing Dyn1-YFP at endogenous levels (in green) and CFP-Tub1 (in red) were monitored by time-lapse microscopy. CFP-
Tub1 allows for visualization of the spindle. Arrows indicate spindle poles where dynein accumulates preferentially. See Movie S1.
(B) Distribution of the MT-interacting proteins Dyn1, Jnm1, Kip2, Bik1, and Kar9 in metaphase cells (n > 100).
(C) Metaphase cells expressing Jnm1-YFP, Bik1-YFP, Kip2-GFP, or Kar9-GFP (in green) together with either CFP-Tub1 (in red, picture 1) or the
SPB component Spc42-CFP (in red, pictures 2–4).
(D) Dynein distribution in num1D, kip2D, or kar3D metaphase cells.
(E) MT length in wild-type, kip2D, and kar3Dmetaphase cells (in arbitrary units [a.u.], average of n > 25). MT-bud and MT-mother: length of the MT
emanating from the SPB directed toward the bud and the mother, respectively.
(F) Dynein distribution in metaphase cells (spindle length = 1 mm) and anaphase cells (spindle length > 1.5 mm).
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427MTs directed toward the bud when overexpressed as
a GFP fusion protein (Segal et al., 2000; Shaw et al.,
1997). This asymmetric localization is only transient,
and as soon as the two SPBs become equally compe-
tent for MT nucleation, in early metaphase, overex-
pressed dynein redistributes symmetrically to both
SPBs and associated MTs. These data suggest that at
anaphase onset, dynein might not require being asym-
metric in order to guide only one SPB to the bud. Here,
we show that endogenous dynein accumulates predom-
inantly on the bud side of the spindle (SPBs and associ-
ated MTs) throughout metaphase. Analysis of the ge-
netic requirements for proper localization of dynein
indicates that dynein distribution is dynamically con-
trolled by bud neck and SPB kinases during metaphase,
and that this control ensures that dynein pulls only one
SPB into the bud upon its activation at anaphase onset.
Results
Dynein Localizes Asymmetrically
to Metaphase Spindles
To characterize the localization of endogenous dynein,
we inserted the coding sequence of the yellow fluores-
cent protein (Venus-YFP) in frame with the 30 end of
the chromosomal gene for dynein heavy chain DYN1.
These cells coexpressed the CFP-Tub1 reporter con-
struct, allowing the visualization of MTs. The DYN1-
YFP allele did not show synthetic effects with the
kar9D mutation (data not shown), indicating that it was
functional.
Consistent with previous reports, Dyn1-YFP ap-
peared as dots on SPBs and at the plus tip of cytoplas-
mic MTs (Figure 1A) (Lee et al., 2003, 2005; Sheeman
et al., 2003). The intensity of the dynein dots depended
on the cell cycle stage (Figure 1H). In unbudded G1 cells,
intensities were low (intensity average: 7.9 a.u.). The
highest intensities were observed at metaphase (inten-
sity average: 62.3 a.u.). As cells entered anaphase, dy-
nein levels on MTs progressively dropped (about four
times). Thus, dynein redistributed as cells progressed
through mitosis.
As reported (Adames and Cooper, 2000; Carminati
and Stearns, 1997; Yeh et al., 2000), dynein was mainly
inactive during metaphase, as evidenced by the ab-
sence of MT sliding events at the bud cortex and strong
spindle movements. In the majority of these metaphase
cells, dynein-YFP accumulated preferentially on the
SPB and MTs proximal to the bud neck (Figures 1A
and 1B). Strict asymmetry was observed in most cells
(64.7%), where fluorescence was seen only on one
pole at each of five subsequent time points (10 s inter-
vals). In another 25.7% of the cells, the signal was prom-
inent on one pole, but less intense spots appeared tran-
siently on the opposite pole for at least one frame
(partially asymmetric spindles, see Figure S1 availablewith this article online). In the remainder of the cells
(9.6%), fluorescence was not significantly different be-
tween the two SPBs throughout the time course (sym-
metric spindles). Thus, in 90.4% of the cases, dynein
distribution was asymmetric. In 99% of these cells, the
dynein signal was strongest on the bud side of the spin-
dle. Therefore, endogenously expressed dynein local-
ized most stably to MTs and SPBs oriented toward the
bud, while its localization to the opposite side of the
spindle appeared to be more dynamic. A similar, yet
less pronounced, asymmetry was observed with com-
ponents of the dynactin complex, such as the yeast dy-
namitin ortholog Jnm1 (Figures 1B and 1C). Remarkably,
dynein asymmetry was confined to metaphase and pro-
gressively disappeared upon anaphase onset and spin-
dle elongation (see Figures 1F and 1G).
Dynein Asymmetry Is Not a Consequence
of Its Activity
Dynein activity is evidenced by the sliding of MTs along
the bud cortex. One potential explanation for dynein lo-
calizing primarily to the MTs directed toward the bud
might be that it is recruited to these microtubules as
they undergo sliding events along the bud cortex.
Against this possibility, dynein asymmetry was the
strongest during metaphase, when such events are
rare, and low during anaphase, when sliding is frequent
(Adames and Cooper, 2000). However, to test more
carefully whether dynein activity could govern its locali-
zation, we investigated whether disruption of the NUM1
gene interfered with dynein distribution. Num1 is a corti-
cal protein required for dynein interaction with the cell
cortex and MT sliding (Farkasovsky and Kuntzel, 1995;
Heil-Chapdelaine et al., 2000). Although no sliding was
ever observed, dynein asymmetry was maintained in
num1D mutant cells (Figure 1D). Thus, dynein asymme-
try is established independently of and prior to its acti-
vation.
Microtubule Number and Dynamics Do Not Control
Dynein Asymmetry
Since dynein is an MT binding protein, its distribution
might simply reflect differences in MT abundance and
dynamics between the two spindle poles. Indeed, cyto-
plasmic MTs emanating from the spindle pole directed
toward the bud are more abundant, longer, and less dy-
namic than those emanating from the mother-directed
SPB (Liakopoulos et al., 2003; Vogel and Snyder,
2000). We used the following two approaches to test
this possibility.
First, we determined whether dynein asymmetry dis-
appeared in cells with morphologically symmetric spin-
dles. The kip2D and kar3D mutant cells show fairly sym-
metric metaphase spindles, and MTs are equally rare
and short on both spindle poles of kip2D cells and
equally frequent and long on both spindle poles of(G) Time-lapse microscopy of a DYN1-YFP CFP-TUB1 cell undergoing anaphase. The arrow indicates the appearance of dynein on the second
spindle pole.
(H) Quantification of dynein dot intensity (in a.u.) in (A) G1 cells, (B) after SPB duplication, and in metaphase cells with a (C) mis- versus (D) cor-
rectly aligned spindle. For these categories, dynein dots were mainly visible, and therefore quantified, on only one spindle pole. For late-ana-
phase cells, quantification at both SPBs was made (bud side, [E]; mother side, [F]). The average intensity is indicated for each category (n > 14).
Error bars in (B), (D), and (F) represent standard deviations. The scale bars are 1 mm.
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428kar3D cells (Figure 1E; and Figure S3) (Saunders et al.,
1997). However, these mutations did not impair dynein
asymmetry (Figure 1D). Thus, dynein distribution did
not correlate with MT organization and length.
Second, we determined whether MT binding proteins
all distributed asymmetrically, similar to dynein. The en-
dogenous copies of the MT-associated proteins Bik1,
Kip2, and Bim1 were fluorescently tagged and visual-
ized. None of these fusions caused synthetic pheno-
types in association with the kar9D or dyn1D mutations,
indicating that they were functional (data not shown).
Some asymmetry was observed for all three proteins.
However, in no case (see Bik1 and Kip2 in Figures 1B
and 1C) was it as pronounced as for dynein. Further-
more, the asymmetric distribution of these proteins
was in the same range as that of MT occupancy and
length. Thus, we concluded that MT asymmetry most
likely accounted for the bias of Bik1, Kip2, and Bim1 lo-
calization toward the pole proximal to the bud, while it
did not fully account for that of dynein. Thus, dynein dis-
tribution appeared to be spatially controlled.
Kar9 Is Dispensable for Dynein Asymmetry
If dynein asymmetry is required for its function in spindle
orientation, we reasoned that dynein asymmetry must
be essential for the survival of kar9D cells. Thus, we in-
vestigated dynein distribution in cells lacking Kar9. In
kar9D cells, metaphase spindles are frequently mis-
oriented and point away from the bud neck (Miller and
Rose, 1998). However, in late metaphase (as judged by
bud size), a large proportion of these cells orient their
spindle correctly. In kar9D cells with oriented spindles,
the distribution and asymmetry of dynein was almost
identical to that observed in wild-type (Figure 2A). Re-
markably, however, dynein localized weakly to both
sides of the spindle in cells with a mispositioned spindle,
and no MTs reached either the bud neck or the bud cor-
tex (Figures 2A and 2Ba). In contrast, when an MT was
observed to enter the bud, dynein accumulated strongly
at its tip, irrespective of spindle position (Figure 2Bb).
Taken together, these results indicated that dynein dis-
tribution depended on spindle position, but not on Kar9.
Dynein Asymmetry Depends on Microtubule Contact
with the Bud Neck Region
We next investigated the mechanism responsible for es-
tablishing dynein asymmetry in kar9D cells. We won-
dered whether in these cells dynein asymmetry pre-
ceded or followed proper positioning of the spindle.
Thus, we monitored dynein distribution over extended
periods of time in the kar9D DYN1-YFP CFP-TUB1 cells.
Frames from a representative movie are shown in Fig-
ure 2C. In the left cell, low levels of Dyn1-YFP fluores-
cence are observed on both poles of the mispositioned
spindle (first 6 min). Subsequently, a strong focus of
fluorescence forms on an MT as it contacts the bud
neck (6.5 min). The Dyn1-YFP focus and its associated
MT then penetrate into the bud; the spindle is pulled to-
ward the bud neck and aligns with the mother-bud axis.
Presumably, the sliding of the MT along the bud cortex
generated a pulling force on the spindle. The Dyn1-
YFP focus remains visible and increases in intensity dur-
ing the last 30 min of the movie. The fact that MT sliding
is already visible during metaphase of kar9D cells indi-cates that dynein is activated earlier in these cells. This
is consistent with previous reports indicating that Kar9
represses dynein activity during metaphase (Yeh et al.,
2000). While the intensity of Dyn1-YFP fluorescence in-
creased on the pole connected with the bud neck, it de-
creased on the opposite pole, where only faint transient
signals were then detected. A similar scenario is ob-
served in the second cell (right). Thus, these observa-
tions suggested that dynein accumulation on one side
of the spindle depended on MT interaction with the
bud neck, and subsequent displacement of dynein
from the opposite side of the spindle.
In support of this scenario, in 46 out of 46 kar9D cells
with a misoriented metaphase spindle, dynein first local-
ized weakly to both spindle poles. In 17 of these cells,
dynein remained symmetric throughout the movie and
the spindle failed to position. In the remaining 29 cells,
dynein became asymmetric, always increasing on MT
tips that contacted the bud neck. In 25 of these 29 cells,
the spindle properly migrated and aligned with the
mother-bud axis. In 22 out of these 25 cells, dynein re-
cruitment preceded spindle positioning. Thus, proper
spindle positioning followed the recruitment of dynein
to one MT at the bud neck and the generation of a pulling
force on the associated SPB.
In the kar9D strain, dynein accumulation and spindle
movements were stochastic. In wild-type, actin- and
Kar9-dependent guidance enhances the efficiency with
which MTs reach the bud neck, explaining why more
spindles are asymmetric in wild-type compared to
kar9D cells (Figure 2A). Consistent with this scenario,
we also observed that (1) in wild-type cells, dynein
asymmetry was established at the occasion of MT con-
tacts with the bud neck, which preceded dynein disap-
pearance from the opposite pole (see Figure 2D), and
that (2) loss of MT contacts with the cortex in nocoda-
zole-treated, wild-type cells also led to dynein distribu-
tion becoming symmetric (see Figure S4).
Dynein Asymmetry Depends on Cdk1/Cdc28
and the B Cyclins Clb1 and Clb2
The establishment of Kar9 asymmetry depends on the
activity of Cdk1 and the B-type cyclin Clb4 (Liakopoulos
et al., 2003; Maekawa and Schiebel, 2004). The dynein
pathway is essential in cells lacking Clb4 function
(Tong et al., 2004), consistent with dynein compensating
for the loss of Kar9 asymmetry. Thus, we reasoned that
in cells with symmetrically localized Kar9, dynein must
be asymmetric. Like in the kar9D strain, the clb3D
clb4D double mutant showed a weak defect in dynein
distribution (Figure 3A), which was due to the presence
of mispositioned spindles. Indeed, clb3D clb4D cells
with a correctly positioned spindle localized dynein in-
distinguishably from wild-type (Figures 3A and 3B). In
these cells, cytoplasmic MTs were equally long on
both sides of the spindle (D. Liakopoulos and Y.B., un-
published data), confirming that MT and dynein asym-
metries are not correlated. Thus, Clb3 and Clb4 do not
control dynein distribution and function specifically in
the Kar9 pathway.
While Clb3 and Clb4 were not required for dynein
asymmetry, Cdk1 (Cdc28) activity was (Figure 3A). In
the cdc28-4 temperature-sensitive mutant, Cdc28 activ-
ity is reduced already at the permissive temperature. In
Dynein and Spindle Asymmetry
429Figure 2. Dynein Distribution in Cells Lacking Kar9
(A) Dynein distribution during the metaphase of kar9D cells. The kar9D cells with a well or mispositioned spindle were either lumped together or
scored separately.
(B) Time-lapse microscopy of DYN1-YFP CFP-TUB1 kar9D cells with a mispositioned metaphase spindle. (Ba) cytoplasmic MTs do not contact
the bud neck/bud cortex. (Bb) One cytoplasmic MT interacts with the bud cortex.
(C and D) (C) Movie of two DYN1-YFP CFP-TUB1 kar9D cells, initially displaying a mispositioned metaphase spindle. (D) Movie of a DYN1-YFP
CFP-TUB1 cell. Arrowheads indicate a weak accumulation of dynein on both SPBs. Arrows indicate the appearance of a dynein dot at the bud
neck vicinity. See Movie S2.
The scale bars are 1 mm. Error bars represent standard deviations.these cells, dynein asymmetry was affected. Since dy-
nein asymmetry is particularly high in late metaphase,
we tested whether the late B-type cyclins Clb1 and
Clb2 mediated the role of Cdk1 in dynein distribution.
In our background, the clb1D clb2D double mutantstrongly delays anaphase but remains viable. In these
cells, dynein distribution was rather symmetric, as in
the cdc28-4 mutant cells (Figures 3A and 3B). The
clb1D clb2Ddouble mutant formed slightly shorter astral
MTs, but MT organization remained asymmetric. Dynein
Developmental Cell
430Figure 3. Cdc28/Clb1 and Cdc28/Clb2 Control Dynein Asymmetry
(A) Dynein distribution in the cdc28-4 mutant at permissive temperature or in strains deleted for the redundant cyclin pairs Clb3/Clb4 and
Clb1/Clb2, as well as in the clb1D and clb2D single mutants. For the clb3D clb4D mutant, the distribution of dynein is also shown for the cells
with a properly positioned spindle.
(B) Time-lapse microscopy of the indicated double mutants coexpressing Dyn1-YFP and CFP-Tub1. The scale bar is 1 mm.
(C) Dynein distribution in mutants in which either Clb1 is absent and Clb2 is excluded from the nucleus (clb1D clb2DNLS), or Clb1 and Clb2 are
absent from the bud neck (bud3D).
Error bars represent standard deviations.asymmetry was unaffected in the clb1D and clb2D
single mutants, indicating that Clb1 and Clb2 played
a redundant function in dynein localization. Disruption
of both CLB1 and CLB2 genes decreased, but did not
abolish, dynein asymmetry. Thus, additional factors
must contribute to dynein regulation.
Clb1 and Clb2 Control Dynein Asymmetry
at Spindle Poles
We next investigated how Clb1 and Clb2 influence dy-
nein localization. Clb1 and Clb2 localize to the nucleus,
the mitotic spindle, the cytoplasmic side of SPBs, and
the bud neck (Bailly et al., 2003). To determine whethercyclin recruitment to any of these subcellular locations
is required for its function in dynein distribution, we first
examined the localization of Dyn1-YFP in cells in which
Clb2 recruitment to the bud neck and the nucleus was
perturbed. Cyclin recruitment to the bud neck depends
on the protein Bud3 (Bailly et al., 2003). Entry of Clb2
into the nucleus depends on an NLS sequence at amino
acids 176–213. Visualization of dynein distribution in the
clb1D clb2DNLS, bud3D, and wild-type strains showed
no significant difference (Figure 3C), indicating that cy-
clin localization to the bud neck and the nucleus does
not contribute to dynein distribution. Thus, Clb1 and
Clb2 may control dynein localization at SPBs.
Dynein and Spindle Asymmetry
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for Proper Dynein Asymmetry
To better determine how dynein asymmetry is estab-
lished, we went on to identify additional factors involved
in this process. The genes required for the establish-
ment and/or maintenance of dynein asymmetry should
be essential for dynein-dependent alignment of the
spindle and for the survival of the kar9D mutant. We
therefore used the synthetic genetic array (SGA) ap-
proach to robotically screen an array ofw4700 haploid
yeast strains, each bearing a single deletion, for muta-
tions that are synthetic lethal with the kar9D mutation
(Tong et al., 2001). As a secondary screen, we investi-
gated whether any of these mutations on its own af-
fected dynein asymmetry. As expected, the SGA screen
identified all known components of the dynein pathway
(Table 1), as previously published (Tong et al., 2004).
However, we also identified several other interacting
mutations (underlined in Table 1). We focused our sec-
ondary screen on the genes affecting MT function or
cell polarity (in bold in Table 1). Out of 20 mutants tested,
only inactivation of Cnm67, a SPB component, and
Elm1, a kinase localized at the bud neck, altered dynein
distribution (Table 1 and Figures 4A, 4B, 5B, and 5C).
Dynein Asymmetry Is Required
for Dynein-Dependent Spindle Positioning
Our analysis of dynein distribution and spindle position-
ing in kar9D cells suggests that dynein must act asym-
metrically on the spindle (see above). To determine
whether dynein asymmetry is indeed functionally impor-
tant, we investigated how mutations that impaired dy-
nein distribution affect the viability of the kar9D mutant
cells. The cnm67D mutation causes the most dramatic
loss of strict dynein asymmetry (Figure 4A). In 20 tetrads,
17 double mutant spores were obtained, 15 of which
died upon germination. The two surviving spores
showed a strong growth phenotype. All wild-type and
kar9D mutant spores led to healthy colonies, and only 3
out of 19 cnm67D spores died. In contrast, the cnm67D
dyn1D double mutant grew as well as the cnm67D single
mutant. Thus, in the absence of Cnm67, the dynein path-
way could not compensate for the absence of Kar9.
These genetic analyses confirmed those published by
Hoepfner et al. (2000), who already showed that the
spindle properly orients in metaphase cnm67D cells,
but that some astral MTs detach from SPBs during ana-
phase. It is therefore possible that cnm67D is synthetic
lethal with kar9D due to MT detachment as dynein be-
comes activated. Against this simple interpretation,
inactivation of the dynein pathway (Dyn1, Kip2, and
Num1) suppresses the nuclear positioning defect of
cnm67D cells, indicating that dynein actively contributes
to spindle mispositioning (Hoepfner et al., 2000). Thus,
misregulation of dynein distribution in cnm67D cells
was indeed deleterious for spindle positioning.
Likewise, deletion of ELM1 led to a synthetic pheno-
type when combined with kar9D, but not in combination
with dyn1D. In 19 tetrads, 18 elm1D kar9Dmutant spores
were obtained; out of them, only 10 were able to develop
into a visible size, but the colonies grew poorly. All wild-
type and elm1D spores grew normally, and only 2 out of
19 kar9D spores showed a slow-growth phenotype. In
contrast, the elm1D mutation did not lead to syntheticphenotypes when combined with mutations in the dy-
nein pathway. Thus, mutations that impaired dynein
asymmetry prevented the dynein pathway from correct-
ing defects due to inactivation of Kar9, but they did not
interfere with Kar9’s ability to correct defects due to dy-
nein inactivation. Thus, proper spindle orientation re-
quires dynein to act asymmetrically on spindle poles.
Phosphorylation of Cnm67 by Cdk1/Cdc28
Only Mildly Affects Dynein Distribution
Cnm67 localizes to the cytoplasmic face of SPBs and
contributes to the anchorage of cytoplasmic MTs to
anaphase SPBs and to spindle positioning (Brachat
et al., 1998). In cnm67D cells, dynein localized strictly
asymmetrically in only 33.1% 6 7.9% of the metaphase
cells (64.7%6 5.7% in wild-type). Dynein dots were also
brighter and more abundant than in wild-type (Figure 4B
versus Figure 3B). Thus, in the absence of Cnm67, dy-
nein accumulated on the MTs emanating from both
SPBs, suggesting that Cnm67 helps directly or indirectly
by displacing dynein from SPBs and MTs.
Cnm67 is a phosphoprotein (Schaerer et al., 2001)
containing three canonical and five noncanonical con-
sensus sequences for direct phosphorylation by Cdk1.
All of these sites were mutated to alanine. This mutant
protein, which we called Cnm67-A8, no longer migrated
as multiple isoforms on Western blots, indicating that it
lost sites important for Cnm67 modification (Figure 4C;
see Figure S2). In addition, GST-Cnm67 pull-down as-
says showed that Cnm67 interacts physically with
Cdc28 (Figure 4D). Together, these results indicate
that Cnm67 is a target of Cdc28. However, Cnm67 phos-
phorylation seemed not to play a major role in dynein
localization, since cnm67-A8 mutant cells distributed
dynein more normally than cnm67D cells (Figure 4A).
Thus, Cnm67 is not the major target of Cdc28 in the con-
trol of dynein asymmetry.
Cnm67 Is Important for CLB2 Localization at SPBs
Thus, Cnm67 interacts physically with Cdc28 and con-
tributes to the proper distribution of dynein. Remark-
ably, endogenously expressed Clb2-YFP frequently
failed to localize to SPBs in cnm67D, but not in the
cnm67-A8 mutant strain (Figure 4E). By comparison,
the bud neck localization of Clb2 was not impaired in ei-
ther of these mutants (not depicted). Thus, Cnm67 is re-
quired for cyclin recruitment to SPBs and might affect
dynein distribution through its role in Cdc28 localization.
Together, these data indicate that SPBs play an impor-
tant role in the control of dynein distribution. Since
lack of Clb1 and Clb2 and of Cnm67 causes improper
accumulation of dynein on the SPBs and MTs that are
normally silent, we concluded that these proteins act
at SPBs to prevent dynein accumulation.
Dynein Asymmetry and Accumulation on MTs
Requires the Activity of Bud Neck Kinases
We next characterized the role of the Elm1 kinase in dy-
nein distribution. In the elm1D strain, the frequency of
cells with dynein localizing symmetrically on the spindle
was more than doubled compared to wild-type (Fig-
ure 5C). In contrast to clb1D clb2D and cnm67D cells,
dynein levels remained low on both sides (Figure 5B).
Elm1 localizes to the bud neck, where it is required for
Developmental Cell
432Table 1. Genes Showing Synthetic Genetic Interactions with kar9D
Protein Gene Name
Sickness in
Combination
with kar9D Dynein Localization Biological Process
Known Components of the Dynein Pathways
Jnm1 YMR294w +++ Strong accumulation
at the tip of
microtubulesa
Dynactin complex
Dyn3 YMR299c +++ Wild-type Necessary for dynein functionb
Pac1 YOR269w +++ Required for normal dynein localization
Dhc1 YKR054c +++ Dynein
Pac11 YDR488c +++ Dynein intermediate chain
Kip2 YPL155c ++ Low accumulation Kinesin-related protein; stabilizes MT via
interaction with Bik1
Bik1 YCL029c ++ Low accumulationa Microtubule-associated protein required for
assembly, stability, and function of microtubules
Num1 YDR150w ++ Strong accumulation
at the tip of
microtubulesa,c
Essential role in the movement of microtubules
along the bud cortex during mitosis
Nip100 YPL174c + Dynactin complex
Arp1 YHR129c + Dynactin complex
Cell Polarity
Cla4 YNL298w +++ Wild-type Budding, cytokinesis, and mitotic exit
Hof1 YMR032w ++ Wild-type Cytokinesis
Rts1 YOR014w ++ Wild-type Protein serine/threonine phosphatase 2A regulator
involved in septin dynamics during cytokinesis
Cnb1 YKL190w ++ Calcineurin regulatory (B) subunit;
coimmunoprecipitates with Hsl1
Sac7 YDR389w ++ Wild-type Rho1 GTPase activating protein; potential
Cdc28 targetd
Elm1 YKL048c + Symmetrization Serine/threonine kinase involved in budding and
cytokinesis; potential Cdc28 targetd
Rho2 YNL089c-dubious +++ Wild-type GTP binding protein; interacts with Nip100
in two-hybride
Spindle and MT
Mad2 YJL030w ++ Wild-type Spindle assembly checkpoint
Nup53DCt YMR153c-A ++ Wild-type Nucleoporin; mediates localization of the
Mad1p-Mad2p complex to the nuclear pore
complex; potential Cdc28 targetd
Bfa1 YJR053w ++ Wild-type Spindle position checkpoint
Bub2 YMR055w ++ Wild-type Spindle position checkpoint
Bub3 YOR026w + Wild-type Spindle assembly checkpoint
Gim3 YNL153c + Tubulin and actin folding
Cnm67 YNL225c +++ Symmetrization Outer plaque spindle pole body component;
involved in nuclear migration
YLL049w ++ Phenotype related
to the one of
num1D
Unknown function in the dynein pathwayf;
interacts with Jnm1 in two-hybridg
Ubiquination and Degradation
Rad6, Ubc2 YGL058w +++ Ubiquitin conjugating (E2) enzyme, DNA repair
Bul1 YMR275c ++ Ubiquitination pathway
APC1DC YNL171c ++ Wild-type Component of the Anaphase Promoting Complex;
required for Clb2 degradation
Other Processes
Soh1 YGL127c +++ Member of the RNA polII mediator complex,
interacts with Kip2 in two-hybridg
Ras2 YNL098c +++ Wild-type GTP binding protein involved in regulation
of cAMP pathway
Sok2 YMR016c ++ Transcriptional factor involved in regulation
of cAMP pathway
Vps60 YDR486c +++ Vacuolar protein sorting
Vps30 YPL120w + Vacuolar protein sorting
Vps38 YLR360w + Vacuolar protein sorting
Alp1 YNL270c +++ Arginine permease
Ort1 YOR130c +++ Ornithine transporter, arginine metabolism
Pep12 YOR036w +++ Golgi to vacuole transport
Lcb4 YOR171c +++ Sphingolipid metabolism
Hnt3 YOR258w +++ Unknown
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433Table 1. Continued
Protein Gene Name
Sickness in
Combination
with kar9D Dynein Localization Biological Process
Hom3 YER052c +++ Methionine and threonine biosynthesis
YAL064c-A +++ Unknown
Underlined, additional mutations compared to Tong et al., 2004; in bold, dynein distribution was analyzed in the deletion mutants. +++, synthetic
lethality; +, synthetic sickness.
a Sheeman et al., 2003.
b Lee et al., 2005.
c Lee et al., 2003.
d Ubersax et al., 2003.
e Drees et al., 2003.
f Tong et al., 2004.
g Ito et al., 2001.proper septin ring assembly (Bouquin et al., 2000; Sree-
nivasan and Kellogg, 1999). Probably due to defects in
septin organization and a lack of septin-dependent ki-
nase (SDK) activity, the Swe1 kinase is overactive in
elm1D cells and delays anaphase. Swe1 is the ortholog
of S. pombe wee1 and inhibits Clb1- and Clb2-depen-
dent activity of Cdc28. Swe1 is under the control of the
SDK Gin4 and Hsl1 (Barral et al., 1999; Bouquin et al.,
2000). If elm1D mutation caused dynein symmetry
through Cdc28 inhibition, dynein distribution must also
be defective in the hsl1D gin4D double mutant and
must be reverted upon deletion of the SWE1 gene. In
the hsl1D gin4D double mutant, dynein asymmetry was
indeed impaired, and dynein levels on MTs remained
low (Figures 5B and 5C). Dynein asymmetry was further
decreased in the elm1D hsl1D gin4D triple mutant. How-
ever, deletion of SWE1 did not restore dynein asymme-
try in either the elm1D single mutant or in the hsl1D gin4D
double mutant (Figure 5C); distribution was fairly normal
in the swe1D single mutant. Thus, the three bud neck ki-
nases Elm1, Hsl1, and Gin4 acted synergistically, and in-
dependently of Swe1 and Cdc28, to promote dynein re-
cruitment to MTs at the bud neck.
We next investigated whether the elm1D mutation in-
terfered with dynein activity altogether. Thus, we deter-
mined whether it abolished MT sliding along the bud
cortex. Inspection of MT behavior clearly identified MT
sliding events along the bud cortex of elm1D cells un-
dergoing anaphase (Figure 5E). Thus, inactivation of
Elm1 did not interfere with the ability of dynein to interact
with and slide MTs along the bud cortex. Together, our
data indicated that Elm1, Hsl1, and Gin4 controlled dy-
nein recruitment to MTs at the bud neck, and they
were consistent with the bud neck providing a spatial
cue for the polarization of dynein distribution.
The Bud Neck Acts as the Spatial Cue
for Dynein Asymmetry
To test the possibility that the bud neck provides the
spatial cue that determines the orientation of dynein
asymmetry, we took advantage of the observation that
Bud14 overexpression leads to the frequent migration
of the spindle into the bud (Knaus et al., 2005). Bud14
is a regulatory subunit of the PP1 phosphatase in yeast.
We reasoned that if the bud cortex is the spatial cue for
the orientation of dynein asymmetry, spindles that local-
ize in the bud might keep their original asymmetry or be-come symmetric. In contrast, if the cue is at the bud
neck, spindles that translocate into the bud might re-
verse their asymmetry to reorient toward the bud neck,
i.e., toward the mother cell. In roughly 70% of DYN1-
YFP CFP-TUB1 cells overexpressing Bud14, the spindle
oscillated around the bud neck, moving back and forth
between mother and bud (see the movie in Figure 6A).
In 46% of these cells (n = 37), spindle asymmetry re-
versed. In the other 54% of the cells with an oscillating
spindle, some dynein remained associated with the
pole proximal to the bud tip, while it accumulated on
the pole close to the bud neck as the spindle moved
back to the mother. Thus, the bud neck rather than the
bud cortex acted as the spatial cue for the establish-
ment of dynein asymmetry.
Cells lacking the three bud neck kinases Elm1, Hsl1,
and Gin4 and overexpressing Bud14 failed to orient dy-
nein toward the bud neck when the spindle was still in
the mother cell. No movement of the spindle into the
bud was observed, most probably due to the low level
of dynein on MTs (Figure 6B). Thus, we could not con-
clude whether these kinases have a role in the reorienta-
tion of the spindle toward the bud neck upon its entry
into the bud.
The SPBs and the Bud Neck Act Synergistically
in Dynein Asymmetry
Our data identified the bud neck and the spindle poles
as important structures for the control of dynein distri-
bution. The SPB was involved in a negative regulation,
while the bud neck plays a positive role in dynein recruit-
ment to MTs. Furthermore, mutations in each pathway
failed to fully abolish dynein asymmetry. This suggests
that the SPBs and the bud neck might be involved in
two overlapping pathways for the control of dynein lo-
calization. In support of this hypothesis, inactivation of
both Cnm67 and Elm1 had additive effects on dynein
distribution (Figure 5D). In the elm1D cnm67D double
mutant, dynein distribution was very similar to that of
Bik1, suggesting that in this strain most if not all dynein
regulation was lost. Thus, the bud neck and SPBs act
synergistically in the control of dynein distribution.
Discussion
Here, we show that the minus end-directed MT motor-
protein dynein is asymmetrically distributed on the yeast
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434Figure 4. The SPB Component Cnm67 Is a Substrate of Cdc28 and Is Required for Clb2 Localization at Spindle Poles
(A) Dynein distribution in cells in which CNM67 has been deleted or replaced by the mutant allele cnm67-A8-3HA. Cnm67-3HA serves as a neg-
ative control.
(B) Time-lapse microscopy of two DYN1-YFP CFP-TUB1 cnm67D cells. Arrows indicate accumulation of dynein on the second spindle pole.
(C) Analysis of the phosphorylation-induced SDS-PAGE mobility shifts of Cnm67-3HA and the Cnm67-A8-HA proteins harboring mutations in all
of the potential Cdc28 phosphorylation sites (also see Figure S2). The pellets were incubated with calf intestinal phosphatase (+CIP lanes) or
without phosphatase (2CIP lanes).
(D) Pull-down of Cdc28 with GST-Cnm67. The precipitated proteins were analyzed by immunoblotting for GST (panels a GST) and for Cdc28
(panel a Cdc28).
(E) Quantification and pictures of Clb2-YFP localization at SPB in wild-type, cnm67D, and cnm67-A8-HA cells expressing CFP-Tub1. Arrows in-
dicate the Clb2-YFP signal at the spindle poles. Mw, molecular weight marker (in kDa).
The scale bars are 1 mm. Error bars represent standard deviations.preanaphase spindle, and that it preferentially accumu-
lates on the spindle pole and MTs proximal to the bud
neck. This asymmetry is established prior to and inde-
pendently of dynein activation, and it was not a mere
consequence of MT dynamics. Rather, it was due to
the activity of two complementary and partially overlap-
ping control pathways. The first pathway acted at the
bud neck, involved the kinases Elm1, Hsl1, and Gin4,
and contributed to the recruitment of dynein to MTs
reaching the bud neck. The second pathway acted at
SPBs; depended on the outer-plaque protein Cnm67,
the cyclin-dependent kinase Cdk1/Cdc28, and the
B-type cyclins Clb1 and Clb2; and inhibited dynein ac-
cumulation. These pathways played an important role
in dynein-dependent positioning of the spindle, indicat-
ing that proper alignment of the spindle with the polarity
axis of the cell depends on the asymmetric activity of dy-
nein on one single SPB.Together, these and previous data provide a model for
how the Kar9 and dynein pathways are coordinated dur-
ing mitosis (Figure 6C). After SPB duplication, Kar9
mainly interacts with one SPB, while dynein accumu-
lates poorly on both (cell 1). Subsequently, Myo2 drags
Kar9 and MT tips along actin cables, and the spindle
aligns along the mother-bud axis (cell 2). Upon MT inter-
action with the bud neck, dynein accumulates on the
spindle pole and MTs proximal to the bud. Simulta-
neously, it disappears from the opposite SPB and its
associated MTs (cell 3). At anaphase onset, when Clb1
and Clb2 are the most abundant, asymmetric dynein
strongly pulls one spindle pole toward the bud, while
the other remains in the mother (cell 4). During ana-
phase, the levels of Clb1 and Clb2 drop, and dynein be-
comes symmetric (cells 5 and 6). Symmetrically distrib-
uted dynein pulls the two SPBs away from each other
and helps the spindle to elongate (Barral, 2004).
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435Figure 5. Dynein Asymmetry Is Controlled by Bud Neck Kinases Independently of Cdc28/Clb1 and Cdc28/Clb2
(A) The septin assembly checkpoint pathway of budding yeast.
(B) Time-lapse microscopy of elm1D and hsl1D gin4D cells coexpressing Dyn1-YFP and CFP-Tub1.
(C) Dynein distribution in the indicated mutants.
(D) Dynein distribution in elm1D cnm67D and in the single mutants.
(E) Visualization by time-lapse microscopy of an anaphase sliding event occurring in an elm1D cell expressing GFP-Tub1.
The scale bars are 1 mm. Error bars represent standard deviations.In that respect, recent results (Ross and Cohen-Fix,
2004) indicate that activation of the FEAR (Cdc fourteen
early anaphase release) pathway at anaphase onset
leads to the symmetrization of the pulling forces on spin-
dle poles. This causes one spindle pole to be pulled to-
ward the mother, while the other is pulled toward the
bud. The main function of the FEAR pathway is to revert
the action of Clb1 and Clb2 by dephosphorylation of
their targets. Thus, it is tempting to speculate that the re-
distribution of dynein during anaphase is controlled by
the FEAR-dependant reversal of Clb1- and Clb2-depen-
dent phosphorylation events.
The asymmetry of Kar9 correlates with the age of
SPBs (Pereira et al., 2001), suggesting that Kar9 asym-metry is dictated by an activity related to spindle pole
maturity. Unlike for Kar9, our data indicate that the es-
tablishment and maintenance of dynein asymmetry de-
pends on cortical polarity. Our data are consistent with
a two-step model (Figure 6C). First, MTs emanating
from a symmetric spindle (relative to dynein distribution)
reach the bud neck in a stochastic (in kar9D cells) or
guided manner (in wild-type). At the bud neck, the ki-
nases Elm1, Hsl1, and Gin4 trigger the accumulation of
dynein to the incoming MT. Shortly after that, dynein
starts to dissociate from the SPB and astral MTs at the
opposite end of the spindle, in a process that depends
on Cnm67 and probably Clb1 and Clb2. The fact that dy-
nein asymmetry can be fairly rapidly inverted upon
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436Figure 6. Bud Neck and Spindle Poles Contribute to the Control of Dynein Asymmetry
(A) Time-lapse microscopy of a DYN1-YFP CFP-TUB1 cell overexpressing Bud14. See Movie S3.
(B) Time-lapse microscopy of a DYN1-YFP CFP-TUB1 elm1D hsl1D gin4D mutant overexpressing Bud14.
(C) Model for the control of dynein distribution. (t) and (Y) indicate inhibition and activation, respectively.
(D) General model for the timing of spindle asymmetry and spindle positioning in budding yeast.
The scale bars are 1 mm.entrance of the spindle into the bud indicates that dy-
namic communication between the two poles might be
involved. In summary, our data indicate that dynein
asymmetry is induced through interactions of astral
MTs with a spatial landmark at the cell cortex, the budneck. This first asymmetry is subsequently amplified
through Cdk1- and Cnm67-dependent silencing of the
opposite spindle pole.
It is interesting to note that the bud neck provides
a particularly appropriate spatial landmark for dynein
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437polarization. Indeed, this choice prevents the establish-
ment of a dead-end solution, as would be the case if the
spindle oriented univocally toward the bud tip. In con-
trast, orientation of dynein toward the bud neck ensures
that the spindle oscillates around the cell center and re-
mains in the vicinity of the cleavage plane.
Differences in the Control of Kar9 versus
Dynein Asymmetry
One striking aspect of spindle positioning in yeast is its
robustness. Related to this property, we were unable
to find mutations that fully abolished dynein asymmetry.
In the worst case scenario, mutation of the SPB and bud
neck pathways reduced dynein asymmetry to that of MT
organization. Our data provide interesting clues about
the mechanism of this robustness. First, while Kar9
asymmetry depends, at least in part, on the activity of
the early B-type cyclins Clb4 and Clb3 (Liakopoulos
et al., 2003; Maekawa et al., 2003), that of dynein de-
pends on the late cyclins Clb1 and Clb2. This depen-
dency fits with the timing of Kar9, Clb3, and Clb4 activi-
ties on one side and dynein and Clb1 and Clb2 activities
on the other (see review: Nasmyth, 1996). Indeed, Kar9
asymmetry is set shortly after SPB duplication, when
Clb3 and Clb4 cyclins are most abundant, while dynein
asymmetry is highest at anaphase onset, when Clb1
and Clb2 reach their maximum levels. Thus, both asym-
metries depend on Cdk1, but on different cyclins, allow-
ing that both asymmetries can be established indepen-
dently of each other. The observation that Cdk1 is
involved in both cases suggests that it might play
a very general role in the spatial control of mitotic events.
The robustness of spindle asymmetry is also en-
hanced by the fact that Kar9 and dynein asymmetries
do not depend on the same cues: Kar9 depends on the
age of the SPBs, while dynein depends on cortical polar-
ity. Thus, spindle asymmetry can still be established
when one of these parameters, or the mechanisms
through which it is translated into spatial organization,
is compromised. Therefore, two main conclusions of
our study are that the cell utilizes several parallel path-
ways to establish and maintain the asymmetric localiza-
tion of Kar9 and dynein on the spindle independently of
each other, and that this regulatory wiring provides its
remarkable robustness to the process of spindle orien-
tation.
Relevance to Other Organisms
Recent studies showed that similar mechanisms dictate
the establishment of cell polarity and spindle positioning
in C. elegans and Drosophila (see reviews: Ahringer,
2003; Hampoelz and Knoblich, 2004). Cortical compo-
nents such as PAR proteins, aPKC, and Cdc42 first ac-
quire a polarized distribution. Then, the mitotic spindle
orients and positions itself relative to this polarity axis.
This process requires heterotrimeric G proteins and dy-
nein. Through the regulation of pulling forces acting on
MTs at the cell cortex, the PAR proteins and heterotri-
meric G proteins orient the spindle (Grill and Hyman,
2005). However, it seems unclear why these forces never
pull both spindle poles toward the same end of the cell.
In yeast, this possibility is excluded by the asymmetry of
the spindle, but several studies have suggested that the
two centrosomes of fruitfly and nematode cells are inter-changeable (Hyman, 1989), suggesting that both might
respond in the same manner to the cortex. It is unclear
then why spindle poles take different routes and reach
opposite cell ends.
Our present study offers a possible explanation for
how cells resolve this paradox. Indeed, kar9D cells ran-
domly select the spindle pole that they send to the bud
(Pereira et al., 2001). Thus, like in animal cells, in the
kar9D mutant spindle, asymmetry is first provided by
the polarity of the cortex. However, our analysis indi-
cates that dynein asymmetry is not functional as long
as it is not relayed and amplified by the spindle poles.
Thus, proper alignment of the spindle does depend on
the polarization of the spindle and the differentiation of
the two spindle poles. This differentiation is highly dy-
namic and can rapidly be reversed, as shown in cells
overexpressing Bud14. We suggest that a similar pro-
cess of centrosome differentiation might govern spindle
rotation in animal cells as well. In support of this idea, we
noticed that yeast SDKs (septin-dependent kinases) are
closely related to the C. elegans kinase PAR-1, which,
like SDKs, localizes to the cortical area where the stron-
gest dynein-dependent pulling forces are generated
(Kusch et al., 2002). It will be interesting to investigate
whether and how PAR-1 and Cdk1 control dynein activ-
ity during asymmetric division of animal cells.
Experimental Procedures
Strains, Plasmids, and Growth Conditions
All experiments were carried out in yeast strains isogenic with S288C
(ura3-52 lys2-801 ade2-101 trp1-D63 his1-D200 leu2-D1), except for
the Cnm67-3HA experiments, which were performed in CEN.PK2
(trp1-289 leu2-3,112 his3-D1 ura3-52). The yeast K.O. collection
was purchased from EUROSCARF (S288C background). The GFP
and YFP fusions were constructed by following a PCR-based
method described by Knop et al. (1999) and Wach et al. (1994).
The mutated cnm67-A8 allele (S17A S72A S89A S103A S120A
T121A T146A S147A) was constructed by site-directed mutagenesis
according to a protocol modified from Weiner and Kleckner (1994).
The cnm67-A8 allele was cloned in pRS414 and was tagged with
3HA epitope tags as described by Schaerer et al. (2001).
Protein Techniques
The preparation of yeast protein extracts, immunoprecipitation, de-
phosphorylation of 3HA-tagged Cnm67, and Western blotting were
described previously (Schaerer et al., 2001).
Fluorescence and Time-Lapse Microscopy
For GFP, CFP, and YFP visualization, cells were grown overnight on
YPD plates, except for the Bud14 overexpression experiment. Cells
containing a plasmid with Bud14 under the GAL1 promoter were
grown on synthetic medium containing sucrose and were then
shifted to YPGal for 6 hr. Cells were mounted in nonfluorescent me-
dium shortly before viewing (Waddle et al., 1996). For quantifications
of dynein, Jnm1, Kar9, and Kip2 distribution (five-frame movies over
40 s), cells were subjected to time-lapse microscopy for a maxi-
mum of 10–15 min. Five focal planes separated by 0.4 mm were taken
by using a piezo motor combined with an Olympus BX50 fluores-
cence microscope and were projected into a single image with the
TILLVision software (TILLphotonics, Martinsried, Germany). Expo-
sure times were 1.2 s for Dyn1-YFP and 0.8 s for CFP-Tub1 for
each focal plane. GFP and YFP signals are always represented in
green, and CFP signals are always represented in red. Dynein distri-
bution was quantified by observing cells during the overall time of
five-frame movies, and images were acquired at 10 s intervals. Sta-
tistics were performed with at least 2 different clones and 3 different
experiments, and more than 100 cells were counted. Error bars rep-
resent standard deviations. To test the significance of our quantifi-
cations, we used a chi-squared test with 2º of freedom. Results
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438were considered significantly different for X2 > 10.6, p < 0.005. In
Figure 2H, fluorescence intensity measurements were performed
by using Image J. For longer movies with dynein-YFP- and CFP-
Tub1-containing strains (max. 41 min, Figures 2C, 2D, 6A, and 6B),
images were acquired at 2 min intervals.
Supplemental Data
Supplemental Data including Figures S1–S4 and representative
movies are available at http://www.developmentalcell.com/cgi/
content/full/10/4/425/DC1/.
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